Light-dependent electron transfer is necessary for photosynthesis, but light also damages PSII. Light-induced damage to PSII is called photoinhibition, and the damaging reactions of photoinhibition are still under debate. Diatoms possess an exotic combination of light-harvesting pigments, Chls a/c and fucoxanthin, making them an interesting platform for studying the photoreceptors of photoinhibition. We first confirmed the direct proportionality of photoinhibition to the photon flux density of incident light in the diatom Phaeodactylum tricornutum. Phaeodactylum is known for its efficient non-photochemical quenching, and the effect of this photoprotective mechanism on photoinhibition was tested. Photoinhibition proceeded essentially at the same rate in blue-light-grown Phaeodactylum cells that are capable of non-photochemical quenching and in red-light-grown, non-photochemical quenching-deficient cells. To obtain more insight into how the pigment composition of diatoms affects photoinhibition, we measured the action spectrum of photoinhibition in Phaeodactylum. In visible light, the action spectrum resembled the absorption spectrum of Phaeodactylum, and UV radiation caused much more photoinhibition than visible light. Comparison of the action spectrum of photoinhibition with the absorption spectrum and the excitation spectrum of 77 K PSII fluorescence emission confirmed that photosynthetic pigments are involved in photoinhibition, but the photoinhibitory efficiency of red light is weak, suggesting that the role of lightharvesting pigments as light receptors of photoinhibition is secondary. Finally, we compared photoinhibition in Phaeodactylum with that in other photosynthetic organisms, and our data indicate that the PSII reaction centers of Phaeodactylum are not particularly well protected against the primary damage of photoinhibition.
Introduction
Diatoms inhabit almost all aquatic environments on the Earth and they are major contributors to oceanic carbon fixation, especially in marine coastal regions (Goss and Jakob 2010) . These heterokont algae have efficient and rapidly inducible photoprotective mechanisms that are thought to be among the reasons why they are so well suited for turbulent coastal environments where wavelength distribution and intensity of incident light vary dynamically (Brunet and Lavaud 2010, Goss and Jakob 2010) . Photosynthetic organisms need protection from high light because light, while providing the driving force for photosynthesis, also damages the components of the photosynthetic machinery, especially PSII (for a review, see Tyystjärvi 2013) . In the present study, the term 'photoinhibition' will be used for irreversible light-induced damage to PSII.
Photoprotection and repair mechanisms counteract photoinhibition. In the PSII repair cycle, the D1 protein of damaged PSII is replaced by a de novo synthesized copy (Aro et al. 2005) . Photoprotective mechanisms, in turn, reduce the quantum yield of photoinhibition, i.e. the probability that a photon causes damage. Non-photochemical quenching (NPQ), or dissipation of excitation energy as heat, is a photoprotective mechanism that in higher plants can lower the quantum yield of photoinhibition by a quarter (Sarvikas et al. 2006) . The NPQ efficiency of diatoms, quantified as Stern-Volmer type quenching of Chl a fluorescence, often surpasses the efficiency of higher plant NPQ (Ruban et al. 2004) , but there are inter-and even intraspecies differences in the NPQ capabilities among diatoms , Bailleul et al. 2010 . Phaeodactylum tricornutum, a model diatom species, is known for its high NPQ (Ruban et al. 2004 ) that can be manipulated by various light conditions during culturing (Schumann et al. 2007 , Schellenberger Costa et al. 2013 . It has also been suggested that the PSII of P. tricornutum is particularly resilient against photoinhibition due to alternative electron transfer routes that help alleviate electron pressure at PSII in excess light (Lavaud et al. 2002 , Feikema et al. 2006 .
Despite intense research, no consensus has been reached about the light receptors of photoinhibition in visible light (Tyystjärvi 2013 , Zavafer et al. 2015 . Most of the published action spectra are from cyanobacteria , Ohnishi et al. 2005 , Soitamo et al. 2017 , green algae (Santabarbara et al. 2002, Schreiber and Klughammer 2013) or higher plants (Jones and Kok 1966 , Jung and Kim 1990 , Santabarbara et al. 2001 , Santabarbara et al. 2002 , Sarvikas et al. 2006 , Takahashi et al. 2010 , although action spectra from less studied groups such as dinoflagellates have also been reported recently (Karim et al. 2015) . Action spectra of photoinhibition from photosynthetic organisms with different antenna pigments and photoprotection mechanisms may help to understand the mechanism of photoinhibition (Tyystjärvi 2013 , Zavafer et al. 2015 . The present study focuses on diatoms that use Chls a and c and fucoxanthin (Fx) for light harvesting (Fujiki and Taguchi 2001, Lepetit et al. 2007) .
The main question about the primary damage of photoinhibition is whether one light receptor is responsible for the damage in the UV range and another one in visible light, or if the same receptor(s) function in both wavelength regions (for reviews, see Vass 2012 , Tyystjärvi 2013 , Nishiyama and Murata 2014 , Zavafer et al. 2015 . It has been conclusively shown that excitation of the Mn 4 CaO 5 cluster of the oxygen-evolving complex initiates photoinhibition in UV light (Tyystjärvi 2013) . Based on the similarity between the UV/visible light action spectra of photoinhibition and the absorption spectra of model compounds, the Mn 4 CaO 5 cluster has been suggested to function as a light receptor of photoinhibition even in visible light , Ohnishi et al. 2005 . Other hypotheses explain photoinhibition in visible light by mechanisms related to PSII electron transfer. According to the donor side hypothesis, the oxidized primary donor of PSII, accumulating if electron donation fails, causes oxidative damage (Chen et al. 1992, Jegerschöld and Styring 1996) , whereas various charge recombination hypotheses suggest that formation of singlet oxygen causes the damage in visible light (Vass et al. 1992 , Hideg et al. 1994 . The direct proportionality of photoinhibition to photon flux density (PFD) of incident light (Tyystjärvi and Aro 1996) and the relative insensitivity of photoinhibition to NPQ (Sarvikas et al. 2006) have been difficult to fit with the electron transfer-based hypotheses about the mechanism of photoinhibition . The early versions of the manganese mechanism , Ohnishi et al. 2005 ) explain these features of photoinhibition (Tyystjärvi 2013 ) but fail to explain why the action spectrum of photoinhibition often shows peaks corresponding to peaks of the absorption spectrum of the organism (Tyystjärvi 2013 , Zavafer et al. 2015 , although photoinhibition is irreversible (Sarvikas et al. 2010) . Furthermore, the protection offered by carotenoids and the product of the flv4-sll0218-flv2 operon (Hakkila et al. 2013) may suggest that an electron transfer-related or singlet oxygen-mediated reaction contributes to photoinhibition. Combinations of the manganese mechanism and recombination mechanisms have been put forward in order to fit these somewhat contrasting lines of evidence (Tyystjärvi 2013 , Zavafer et al. 2015 .
We studied the response of photoinhibition to light intensity, NPQ and spectral distribution in the diatom Phaeodactylum tricornutum. The action spectrum of photoinhibition was compared with the absorption spectra and with the excitation spectrum of PSII fluorescence. Finally, we compare photoinhibition in P. tricornutum with photoinhibition in other organisms.
Results
Photoinhibition is directly proportional to light intensity and shows a very weak response to NPQ in Phaeodactylum Photoinhibition has been found to follow a simple first-order reaction kinetics model in virtually all experimental systems tested so far (Tyystjärvi and Aro 1996, Tyystjärvi 2013) . Firstorder kinetics were also observed in P. tricornutum when the light-saturated rate of PSII O 2 evolution [H 2 O to 2,6-dichlorobenzoquinone (DCBQ)] was used as a measure of the number of active PSII centers during photoinhibition treatments with white light in the presence of the chloroplast-specific translation inhibitor lincomycin. Fitting the O 2 evolution data to a first-order model to obtain the rate constant of photoinhibition (k PI ) was therefore deemed suitable also in Phaeodactylum. We measured photoinhibition at 150, 300 and 600 mmol m -2 s -1 of white light to inspect the dependency of photoinhibition in Phaeodactylum on photosynthetic PFD (PPFD) (Fig. 1A) . Fig.  1B shows that the rate constant of photoinhibition in Phaeodactylum, obtained from the measurements shown in Fig. 1A , is directly proportional to PPFD of incident light in the presence of lincomycin.
To estimate the protective efficiency of NPQ, we took advantage of the finding that a contribution of blue light in the spectrum of growth light is necessary for NPQ induction in P. tricornutum (Schellenberger Costa et al. 2013) ). Phaeodactylum tricornutum cells utilized blue light for growth more efficiently than red light, which, in turn, was slightly more efficient than white light ( Supplementary Fig.  S1 ). High light illumination (PPFD 1,800 mmol m -2 s -1 ) of P. tricornutum samples grown in white, red or blue light showed that NPQ induction was weak in the red-light-grown culture ( Fig. 2A) , confirming the results by Schellenberger Costa et al. (2013) .
NPQ induction was similar in the white and blue light cultures and both showed significantly higher NPQ than cells from red light cultures (t-test, P < 0.05 for all NPQ measurements) (Fig. 2C) . To evaluate the photoprotective importance of NPQ, cells grown in red, blue or white light were illuminated at 1,800 mmol m -2 s -1 in the presence of lincomycin for 60 min (Fig. 2B) . Comparison of the k PI values calculated from measurements of PSII oxygen evolution after the illumination treatment shows that the red light cultures had a slightly higher k PI than blue or white light cultures, but the difference was not statistically significant (t-test, P > 0.05) (Fig. 2C ).
Action spectrum of photoinhibition
Fitting the O 2 evolution data to first-order reaction kinetics returned acceptable fits both in UV and in visible light wavelengths. Fig. 3A shows examples of individual photoinhibition measurements at different wavelengths; 440 nm blue light and 680 nm red light were noticeably more efficient in causing photoinhibition than 600 nm light. UV-C radiation at 254 nm is a lot more efficient for photoinhibition than can be seen in Fig. 3A , as the visible light treatments shown for comparison were carried out at PPFD 300 mmol m -2 s -1 whereas the PFD of 254 nm radiation was only 25 mmol m -2 s -1
. Fig. 3B displays the error residual distribution of all the visible and UV light fits used in the current study to assemble the action spectrum of photoinhibition, revealing no distinguishable patterns and thus supporting the quality of the fits.
The direct proportionality of k PI with the PFD of incident light ( 0 stand for maximal Chl a fluorescence of dark-and lightacclimated samples, respectively) was determined at the 6 min time point of the fluorescence measurements shown in (A). Different letters (upper case, k PI ; lower case, NPQ) indicate significant difference between the treatments (t-test, P < 0.05). All data represent an average of three independent biological replicates, and the error bars indicate the SE.
considerably faster photoinhibition in the UV range than in visible light, and a trend with a decreasing photoinhibitory efficiency with increasing wavelength continued in the visible range (Fig. 4A) . The visible light part (Fig. 4A inset) shows a peak at 680 nm, obviously corresponding to the red absorption peak of Chl a of intact P. tricornutum cells (Fig. 4B) , but the photoinhibitory efficiency of blue-green to blue light, compared with the 680 nm peak, is much higher than the absorbance of P. tricornutum in blue light compared with 680 nm red light (Fig. 4B) .
Absorption by the main light-harvesting pigments of diatoms (Fujiki and Taguchi 2001) was noticeable in absorbance spectra of whole cells (Fig. 4B) and N, N-dimethylformamide (DMF) extracts of P. tricornutum ( Supplementary Fig. S2 ), including Chl a absorbing at 430-440 and 660-670 nm, Chl c at 450-475 and 590-640 nm, and Fx at 450-560 nm. The whole-cell absorbance spectrum showed red-shifted absorption peaks compared with the absorbance spectrum of DMF extract from the same cells ( Supplementary Fig. S2 ). DMF extracts of cells grown in red light exhibited slightly elevated absorbance in the carotenoid region (470-500 nm) compared with white-or blue-light-grown cells (Supplementary Fig. S2 ).
Excitation spectrum of PSII fluorescence at 77 K In addition to the action spectrum of photoinhibition, we also measured the excitation spectrum of PSII fluorescence emission at 77 K from intact P. tricornutum cells to obtain an estimate of PSII activity at different wavelengths (Fig. 5) . The 77 K PSII fluorescence spectrum closely resembled the absorbance spectrum of the cell suspension. Despite the overall resemblance of the 77 K fluorescence excitation spectrum also to the action spectrum of photoinhibition, blue light (420-480 nm) caused PSII photoinhibition very efficiently, although these wavelengths were only slightly more efficient than 500-550 nm light in exciting PSII fluorescence. On the other hand, both absorbance and PSII excitation spectra show a clear peak of Chl c absorption at 620-630 nm, and absorbance further increases strongly toward the Chl a peak at 680 nm, but these features are much weaker in the action spectrum of photoinhibition (Fig. 4A) .
Discussion
Photoinhibition of Phaeodactylum shares properties of photoinhibition in plants and cyanobacteria Photoinhibition in cyanobacteria and higher plants follows firstorder kinetics with a rate constant directly proportional to light intensity, and our results indicate that this is also true in P. tricornutum (Fig. 1) . Direct proportionality between k PI and light intensity is a key argument in the discussion of the mechanism of photoinhibition, as this feature hardly fits with the idea that photoinhibition is caused by so-called excess light (Tyystjärvi 2013) . Another characteristic important for the mechanism of photoinhibition is the efficiency of protection provided by NPQ. Diatoms are well known for their efficient photoprotection mechanisms that are believed to be one of the reasons for their evolutionary success (Brunet and Lavaud 2010) , and the mechanisms underlying NPQ induction are very different from, for example, those in higher plants.
The qE component of NPQ is induced in a few minutes in high light in P. tricornutum ( Fig. 2A) , whereas the relaxation of qE in the dark takes >30 min (Goss et al. 2006) . If the qE component affected the light-saturated rate of O 2 evolution, it would distort our estimation of photoinhibition, especially during the first 15 min of the photoinhibition treatments, because NPQ would not relax during the 8 min dark time between the photoinhibition treatment and the O 2 evolution measurement. However, as shown in Supplementary Fig. S3 , NPQ induced by a 5 min high light treatment has no effect on the light-saturated rate of O 2 evolution, measured in the presence of an artificial electron acceptor.
Our results show that, similarly to the case in plants, NPQ only partially protects against photoinhibition in P. tricornutum, as lowering the NPQ to less than half only causes a statistically insignificant increase in the k PI value (Fig. 2) . This finding supports the conclusion that in diatoms photoinhibition is also composed of a main process mediated by a photoreceptor that is unaffected by NPQ and a minor secondary reaction that may depend on NPQ. The action spectrum suggests that manganese ions of the oxygen-evolving complex serve as the NPQ-independent photoreceptors in UV and visible light. The secondary, NPQ-dependent damaging reactions are probably related to malfunctioning electron transfer reactions within already damaged PSII reaction centers that lead to production of the harmful singlet oxygen.
Action spectrum of photoinhibition
The action spectrum of photoinhibition in P. tricornutum (Fig. 4A) shows a basically similar shape to the previously determined action spectra of photoinhibition in other photosynthetic organisms (for a review, see Zavafer et al. 2015) , showing high photoinhibitory efficiency in the UV region and partially matching the absorption spectrum of the organism in the visible range. The smooth increase of photoinhibitory efficiency with decreasing wavelength starting from approximately 550 nm and extending throughout the whole UV region, and a lower photoinhibitory efficiency of orange to red light matches the absorption spectra of Mn(III) and Mn(IV) complexes, confirming the importance of the Mn 4 CaO 5 center of the oxygen-evolving complex as a photoreceptor of photoinhibition , Ohnishi et al. 2005 . The highest absorbing regions of the absorbance spectrum at 430-475 nm (Chls a and c), 480-540 nm (Fx) and especially the red absorption peak of Chl a at 680 nm appear as dampened versions in the action spectrum of photoinhibition (Fig. 4A) , confirming that photosynthetic pigments act as photoreceptors of photoinhibition in addition to manganese ions. Comparison of the action spectrum of photoinhibition with the excitation spectrum of PSII fluorescence (Fig. 5) leads to similar conclusions.
Chl c has distinct peaks in both absorption and PSII fluorescence emission at the wavelength range 620-630 nm, but these peaks are not reflected in the action spectrum of photoinhibition. A likely explanation for this is that absorption by Chl c is simply too weak to cause enough secondary damage of photoinhibition to be visible in the action spectrum. The contribution of Chl c to photoinhibition in the other major absorption region of Chl c, 450-475 nm, is difficult to estimate due to the overlap with Fx absorption. The action spectrum of photoinhibition exhibits a drastic increase in this overlap region, but whether it is due to light absorption by Chl c, Fx, the Mn 4 CaO 5 center or by the combination of all these light receptors, remains unclear. The wavelength region dominated by Fx absorption, on the other hand, shows one clear peak at 520 nm that can be attributed solely to Fx. Interestingly, uncoupled Fx has been reported to be involved in singlet oxygen production through photosensitization in human skin melanoma cells (Yoshii et al. 2012) , suggesting that this carotenoid might actually produce rather than quench singlet oxygen also in Phaeodactylum.
Photoinhibition in diatoms vs. other species
The direct proportionality between k PI and PFD ( Fig. 1 ) (Tyystjärvi and Aro 1996) allows comparison of photoinhibition between experiments done with different PFDs and different organisms to a certain degree, if the samples are similar in terms of pigment concentration and optical path length. We compared our photoinhibition data from P. tricornutum with the action spectra of photoinhibition of the cyanobacterium Synechocystis sp. PCC 6803 and the plant Arabidopsis thaliana (Sarvikas et al. 2006 ). The Chl concentration used by Tyystjärvi et al. (2002) 
in experiments on
Synechocystis was similar to the concentration used in the current study (10 and 7.5 mg ml -1 , respectively) and similar vessels were used for photoinhibition of Synechocystis to those in the present study. The Chl concentration in the leaves used by Sarvikas et al. (2006) was approximately twice as high (15.5 mg cm -2 in Arabidopsis leaves; approximately 8.6 mg cm -2 in Phaeodactylum) than in Phaeodactylum or Synechocystis, which would predict significantly slower photoinhibition in Arabidopsis (Pätsikkä et al. 2002) . However, due to differences in reflection and light scattering, comparison between the data of aquatic organisms and Arabidopsis will be limited to the form of the action spectrum.
In all three organisms, blue-violet light is more efficient in causing photoinhibition than other visible wavelengths, reflecting light absorption by the Mn complex. The increase in photoinhibitory efficiency toward short visible wavelengths is more obvious in the unicellular Synechocystis and P. tricornutum than in Arabidopsis, probably due to protection by light absorption by the non-photosynthetic epidermal cells and blue-light-absorbing non-photosynthetic pigments in plant leaves. Phaeodactylum tricornutum is more prone to photoinhibition in the Fx absorption region (450-550 nm) than Synechocystis, whereas light in the absorption region of cyanobacterial phycobilisomes (550-650 nm) (Stadnichuk and Tropin 2014) has a higher photoinhibitory efficiency in Synechocystis (Fig. 6) , again confirming that light-harvesting pigments function as photoreceptors of photoinhibition. However, the UV-A region is more damaging, in comparison with visible wavelengths, in Arabidopsis than in the two aquatic organisms (Fig. 6) . Our results indicate that P. tricornutum is not particularly well protected against the primary damage of photoinhibition in comparison with the cyanobacterium Synechocystis (Fig. 6) .
Concluding remarks
We measured the action spectrum of photoinhibition in the diatom P. tricornutum. Analysis of the action spectra of photoinhibition and comparison with the absorption spectrum and the excitation spectrum of PSII of the same organism suggest that light-harvesting pigments of P. tricornutum play a significant yet secondary role in photoinhibition, possibly related to singlet oxygen production by already inhibited PSII centers. The conclusion is supported by the finding that lowering the NPQ of P. tricornutum by growing the cells in red light only made the cells marginally more susceptible to photoinhibition. Our results also suggest that P. tricornutum grown in continuous low light is not particularly well protected against the primary damage of photoinhibition when compared with other photosynthetic organisms.
Materials and Methods

Culturing conditions
Phaeodactylum tricornutum (marine strain CCAP 1055/1) cells were grown as 30 ml batch cultures in f/2 medium prepared in sterilized natural Baltic Sea water (origin Seili, Turku, Finland) at 19 C under continuous illumination on a shaker (100 r.p.m.). A white fluorescent lamp (AIRAM Duluxstar 20 W, Oy Airam Electric Ab) was used as growth light, the PPFD was adjusted to Fig. 6 Quantum yield of photoinhibition (k PI /PFD) in UV-A radiation (left y-axis) and in different wavelength regions of visible light (right y-axis) in P. tricornutum (white bars), Synechocystis sp. PCC 6803 (black bars) and Arabidopsis thaliana (gray bars). The visible light k PI /PFD values of P. tricornutum and A. thaliana (Sarvikas et al. 2006) were derived by averaging the data from photoinhibition experiments at the wavelengths corresponding to the wavelength regions used in the photoinhibition experiments of Synechocystis , UV-A values were derived from single data sets of photoinhibition experiments in the UV-A region (360-370 nm). Error bars indicate the SE of the averaged k PI /PFD values and are not present in the Synechocystis data because the original experiments were done using light of wide linewidth.
40 mmol m -2 s -1 and white-light-grown cells were used for all experiments unless mentioned otherwise. For red and blue light cultures, illumination was provided by light-emitting diodes (LEDs) emitting at wavelengths of 660 and 460 nm (Shenzen Led Fedy), and the PFDs were set to 43 and 23 mmol m -2 s -1 , respectively, as described by Schellenberger Costa et al. (2013) . For most of the experiments the cultures were grown for 5 d prior to the experiments, and growth curves from all culture conditions were measured spectrophotometrically (Lambda Bio 40 UV/VIS, PerkinElmer) using light scattering at 730 nm as an indicator of cell density (OD 730 ). In order to compile the action spectrum of photoinhibition, 6 -to 8-day-old cultures were occasionally used for one biological replicate, while most data points in the action spectrum are from three biological replicates of 5-day-old cultures.
Cellular parameters
Pigments were determined by collecting cells (centrifugation at 16,000Âg for 5 min) and extracting the pigments with DMF. While in DMF, the cells were disrupted by vortexing and protected from light for 15-20 min at room temperature to complete the extraction. After extraction, the pigment samples were centrifuged (18,000Âg for 5 min) at room temperature and a 400-750 nm absorption spectrum was measured from the supernatant (Lambda Bio 40 UV/VIS, PerkinElmer). Total Chl was quantified using the formulae and extinction coefficients for spectrophotometric pigment quantification in 90% acetone (Ritchie 2008) . Extinction coefficients for 90% acetone have been shown to be suitable for approximate quantification of Chl when applied to DMF-extracted pigments (Speziale et al. 1984 ). An in vivo absorption spectrum from the white light culture was measured from samples with apporoximately 0.3 mg Chl ml -1 with an Olis Clarity UV/Vis/NIR spectrophotometer (Olis Inc.).
Photoinhibition experiments
For photoinhibition, cells were illuminated using monochromatic light at 20 nm intervals from 420 to 700 nm, or with 365 nm UV-A, 312 nm UV-B or 254 nm UV-C radiation, as indicated. The visible light wavelengths were obtained by filtering radiation from a high-pressure Xenon lamp (201-1k, 1,000 W, Sciencetech Inc. and Oriel 6258 300 W, Newport Corporation) through a Corion bandpass filter (10 nm half-width at half-maximum, Newport Inc.) and UV radiation was obtained directly from VL-8.LC and VL-8.M UV lamps (Vilber Lourmat). PFD values from the visible range were quantified at the surface level of the sample by a wavelength-calibrated planar PFD sensor (LI-COR). To quantify 700 nm far red light, a pyranometer sensor LI-200 (LI-COR) was used in conjunction with the light meter, and the PFD value was obtained by comparing the readings from both meters at 600-690 nm and extrapolating to 700 nm. Ferrioxalate actinometry was used as described earlier to quantify UV radiation (Hatchard and Parker 1956) .
The Chl concentration of the culture was adjusted to 7.5 mg ml -1 , and 8 ml of the culture was collected into a small glass beaker (light path length 1 cm with 8 ml volume) for the photoinhibition treatments. Lincomycin was added to a final concentration of 0.4 mM and the cultures were incubated for 15 min in the dark prior to light treatments. The initial PSII activity, defined as lightsaturated O 2 evolution from water to a quinone acceptor-for methods see below-was determined after this dark incubation. The algal suspension was illuminated at 19 C in a stirred vessel in all photoinhibition treatments. For photoinhibition in the 440-700 nm range, PFD was adjusted to 300 mmol m -2 s -1 . PFD used for 420 nm light treatment was 100 mmol m -2 s -1 and PFD values in the UV range were 100 (UV-A), 45 (UV-B) and 25 mmol m -2 s -1 (UV-C). For the white light photoinhibition at PPFD 1,800 mmol m -2 s -1 , the cells were illuminated with the same high-pressure xenon lamp that was used for action spectrum photoinhibition treatments, while white light photoinhibition treatments at PPFDs of 150, 300 and 600 mmol m -2 s -1 were done using an artificial sunlight LED array lamp (AFS-Science 350-765 nm, SLHolland). The emission spectra of all UV and white light sources used in photoinhibition are shown in Supplementary Fig. S3 . Aliquots for O 2 evolution measurements were taken at 15 min intervals and the treatments were continued for 60 min, except for the PPFD 150 mmol m -2 s -1 white light photoinhibition treatment, where the cells were treated for 120 min to obtain a better estimate of photoinhibition, and the aliquots for O 2 evolution measurements after the first 60 min were taken at 30 min intervals.
The loss of light-saturated O 2 evolution was modeled according to firstorder kinetics [A(t) = exp(-k PI t) where A is the component representing the population of functional PSII centers at time t, and k PI is the rate constant of photoinhibition] and k PI was determined from the best fit for each individual experiment. SigmaPlot v.13.0 (Systat Software, Inc., https://systatsoftware.com) was used for all modeling and statistics.
Oxygen evolution measurements
Aliquots removed from the photoinhibition treatment were first dark incubated for 8 min before the light-saturated rate of O 2 evolution [H 2 O to 0.5 mM DCBQ, plus 0.5 mM hexacyanoferrate(III) to keep DCBQ oxidized] was measured with a Clark-type oxygen electrode (Hansatech Instruments) by exposing a 1 ml aliquot of the illuminated cells containing 7.5 mg of Chl to white light (PPFD 2,300 mmol m -2 s -1) from a halogen projector lamp for 90 s (Osram G6.35 150 W) at 19 C.
K fluorescence emission
The 77 K excitation spectrum of PSII fluorescence emission at 688 nm was measured at 10 nm intervals using a QEPro spectrometer (Ocean Optics).
The same 50 ml sample with a Chl concentration of 7.5 mg ml -1 was used for one scan through the whole excitation spectrum (400-660 nm). Corion bandpass filters (Newport Inc.) were used to obtain excitation light of PFD 2.5 mmol m -2 s -1 from a slide projector for the wavelength range 470-660 nm. A highpressure xenon lamp was used to obtain excitation light for the wavelength range 400-460 nm. The PFD values of different excitation wavelengths were measured simultaneously during the fluorescence measurements by a wavelength-calibrated PFD sensor (LI-COR).
NPQ measurements
In all NPQ measurements designed to estimate the effect of NPQ on photoinhibition, 1.25 ml samples with 7.5 mg Chl ml -1 were kept in the dark for 8 min prior to a 6 min measurement with a Multi Color PAM fluorometer (Heinz Walz GmbH). The fluorometer's white actinic light was set to PPFD 1,800 mmol m -2 s -1 . A saturating pulse (PPFD 3,000 mmol m -2 s -1
) was fired at 30 s intervals to estimate NPQ according to F M /F M 0 -1, where F M stands for the maximum fluorescence induced by a saturating pulse after dark acclimation and F M 0 is the maximum fluorescence induced by a saturating pulse in the light. All samples were constantly stirred at room temperature during the fluorescence measurements with a Multi-Color PAM.
For testing the effect of NPQ on light-saturated O 2 evolution of PSII, a PAM 2000 fluorometer (Heinz Walz GmbH) was used together with a Clarktype oxygen electrode. The fluorometer's light guide was fitted into the oxygen electrode cuvette and NPQ was probed at 20 s intervals by saturating pulses (PPFD 3,000 mmol m -2 s -1 ) during a 6 min illumination period with white light (PPFD 1,000 mmol m -2 s -1 , PAM 2000 halogen lamp). The samples (2.3 ml, 7.5 mg Chl ml -1 ) were dark acclimated for 15 min prior to the measurement. Light-saturated O 2 evolution was measured from similar samples after dark acclimation and after 5 min exposure to PPFD 1,000 mmol m -2 s -1 . DCBQ at 0.5 mM and hexacyanoferrate(III) at 0.5 mM were added into the sample immediately before measuring the O 2 evolution. All samples were constantly stirred at 19 C during the measurements.
Supplementary data
Supplementary data are available at PCP online.
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